Lethal sectoring/Genomic instability/Delayed division delay/ a a a a -or X-irradiation/Pedigree analysis. Lethal sectoring (LS) is the process for survival in which lethal damage remaining in irradiated cells is eliminated as lethal sector (offspring without reproductive integrity). This process occurs through the postirradiation 1st to 4th divisions with the accompanying appearance of a clonogenic progenitor (clonogen) (clonogenic sectoring: CS). The features of LS or CS and genomic instability (GI) were explored by analyzing the pedigrees of HeLa cells surviving a -(0.45 Gy) or X-irradiation (3 Gy) (20% survival dose). Most (~70%) of the lethal latent damage was eliminated from a -particle survivors through the 1st to 2nd divisions, but it persisted in X-ray survivors until the 2nd generation. Although the frequency of CS was similar to that of LS for a -irradiation, CS was higher than LS for X-irradiation. Nonlethal damage remaining in the clonogens led to an elevated incidence of delayed cell death in their progeny. The mean incidence was higher for a -particle (16.3%) than X-ray survivors (8.3%), indicating the greater potentiality for GI by a -particles. Evidence is available to suggest the intrinsic difference in the mechanisms of GI induction by these two radiations: the association of misrepaired clustered DNA damage (CD) with a -particles and unrepaired PLD with X-rays. A novel phenomenon, "delayed division delay (DDD)" was noticed, though occasionally (~10% per cell), with the progeny during the postirradiation 1st-3rd generations. DDD was much longer in a -(mean: ~11 h) than X-irradiated cells (~4 h). Supposedly DDD was triggered by delayed chromosome breakage. However, a significant shortening of cell-cycle time at the postirradiation 1st generation was recognized with X-ray survivors.
INTRODUCTION
The loss of colony-forming ability (reproductive integrity) is usually used as a criterion of radiation-induced reproductive cell death. 1) When an irradiated cell formed a colony consisting of more than 50 cells within 1-2 weeks, the cell was judged as a survivor. Optimum time for colony-formation will be 9 or 10 cell-cycle times. During this period, an unirradiated cell forms a colony of about 500-1,000 cells. As the colony-size of irradiated cells decreases in a dosedependent manner, it is obvious that death occurs in the progeny of survivors. If one of two sister cells born at the first division after irradiation loses the reproductive integrity and the other retains it, the colony-size of irradiated cells will decrease to half of the unirradiated one's. If a small colony of about 50 cells derives from a single clonogenic progenitor, it should appear in the progeny until the 3rd or 4th postirradiation division, since an exponential proliferation for 6 generations (2 6 =64) is required for the number of cells per colony to exceed the critical value (50).
James et al. constructed the pedigrees of yeast surviving UV-or X-irradiation by isolating individual offspring, using a micromanipulator, and found that the offspring without the reproductive integrity appeared during several postirradiation generations (lethal sectoring). 2, 3) Thompson et al. recognized the same phenomenon in X-irradiated mouse L cells with time-lapse photography. 4) Lethal sectoring is the process for survival in which lethal damage remaining (not PLD but "lethal latent damage") in the cells that could survive after irradiation is eliminated through the postirradiation 1st to 4th divisions.
The author has tried to elucidate the characteristic cellular responses (division delay, abnormal division, and death) after irradiation with a -particles compared to X-rays. In the previous study, 5) cell fate and cell-cycle dependence of cell killing and division delay were compared at the same survival (1, 10%) after exposure to a single or a split dose of a -particles and X-rays by means of time-lapse photography and clonogenic assay with HeLa cells. In the present study, LET-dependent features of lethal sectoring, genomic instability, and cell-cycle change (delayed division delay and a shortening of cell-cycle time) as well as their relationships were explored by an analysis of the pedigrees of HeLa cells surviving a -(0.45 Gy) or X-irradiation (3 Gy) (20% survival dose).
MATERIALS AND METHODS
Cultured cells used in the present study were HeLa S3-9IV (a clone established by T. T. Puck, maintained by Dr. L. J. Tolmach and kindly provided by Dr. T. Terasima), grown in F10 medium supplemented with 0.05% heart infusion broth (Difco) and 20% fetal calf serum. Mean cell-cycle time varied from 17 to 21 h (G 1 =6.5 h, S=6.5 h, G 2 =6 h, and M=1 h when mean=20 h), probably because of the difference in the lot of fetal calf serum that was added to the culture medium.
For time-lapse photography, a plastic dish on which a few cells were grown in the center (diameter: ~1 cm) was placed in a glass container with ventilation ports and mounted on the stage of a phase-contrast microscope. A small amount of 5% CO 2 -95% air was supplied through these ports. Photographs were taken every 15 min with a 35-mm motor-driven camera. Since the exposures were of the same microscopic field during preirradiation (~30 h) and postirradiation periods (~150 h), the cell stage of asynchronously growing cells at irradiation could be estimated by elapsed time after cell division.
The radiation sources used were 200 kVp X-rays (HVL, 0.92 mm Cu; dose rate, 0.7 Gy/min) and a -particles from 241 Am point source (fluence rate, ~1.5 ¥ 10 6 /cm 2 /min; dose rate, ~0.3 Gy/min). At the time of a -irradiation, a plastic dish was put on an a source upside down after removal of the culture medium. In this instance, both the a source and the plastic dish were put on the surface inclined at about 10 ∞ horizontally so that a small volume of the remaining medium would not make contact with the cells.
The air path length of 12 mm from the a source to the cell surface and the thickness of the cells reduced the energy of a -particles to 3.97 MeV (LET, ~125 keV/ m m in water), 6) from 5.49 MeV. Calculated dose rate was 0.3 Gy/min. However, this value included some uncertainties because of the fluctuation of LET and fluence rate of a -particles: LET varied to 150 keV/ m m, from 112 keV/ m m as a -particles traversed the cell, and the fluence rate delivered to cells at the periphery was about 85% of that at the center.
The pedigrees of individual cells exposed to a -particles (0.45 Gy) or X-rays (3 Gy) were constructed by reviewing the films. They were divided into survivor and nonsurvivor groups. The statistical significance was estimated by c 2 -or t -test. The difference was considered to be significant when p < 0.05.
RESULTS

Cell abnormality and death
For a better understanding of the unfamiliar phenomenon "lethal sectoring" it would be pertinent to explain first about cell abnormality leading to death in irradiated cultured mammalian cells, which is schematically illustrated in Fig. 1 . This illustration is based on the time-lapse observations mainly with HeLa S3 cells and including other cell lines (e.g., Chinese hamster ovary cell: CHO-K1; C3H mouse mammary carcinoma: FM3A; and female Marsupial kidney cell: Pt-K-1). According to the definition of interphase (death without division) and reproductive death (death after division), A-B-E and C-D-F correspond to the former and the latter, respectively, when the initial cell depicted with a bold line is located at irradiated generation. Although death at mitosis (mitotic death or catastrophe) (B) is an intermediate type between interphase and reproductive death, it was included in the former in the present study. The cells prior to mitotic death were arrested at mitosis for 8-10 h. 7) Tolmach et al. considered deficient DNA synthesis as a cause of mitotic death. Recently, the spindle-assembly checkpoint has been suggested to be involved in this type of death. 8) Death at interphase is divided into cell-cycle arrest-independent (A) and dependent (E) interphase death. The former took place at random after division and showed no characteristic morphological change. The latter was predominantly induced by high-LET radiation.
9) Cells destined to undergo interphase death after exposure to a -particles or heavy-ions were arrested before mitosis for more than 50 h for HeLa cells and 24 h for CHO cells and were transformed into giant cells. The morphological change in the cells that was associated with the initiation of interphase death was "rounding up" from the spread configuration. After exhibiting the rounded configuration for 1-2 h, these cells divided into multiple parts as if they were undergoing fragmentation, then fused into giant cells containing multiple micro nuclei, in regard to CHO cells. These giant cells showed apoptotic features including DNA fragmentation. They then gradually disintegrated, but disintegration occurred from rounded configuration in the HeLa cells.
An incomplete division accompanied by cell fusion took place frequently during postirradiation several generations in the progeny of the cells that could not survive, and predominantly after exposure to low-LET ionizing radiation such as X-or g -rays.
10) The following observations showed that cell fusion between mostly sister cells was guided by an anaphase bridge or an intercellular protoplasmic bridge containing chromatin fibers, which might originate in the dicentrics, to the formation of a binucleate cell. The process of cell fusion was followed by using Pt-K1 cells whose mitotic chromosome could be observed more distinctly than those of HeLa cells. Chromosome bridge-like figures were always noticed before cell fusion took place. The frequency distribution of fusion as a function of time after division in FM3A cells indicated that the greater part of fusion (~90%) took place within about 6 h after division. 11) A long chromatin thread (~100 m m; ~0.7 m m in diameter) bridging the sisters of HeLa cells was confirmed by autoradiography with 3 Hthymidine as well as by scanning electron microscopy. 12) From the examination of 248 cases of cell fusion for HeLa cells, it became evident that fusion took place most frequently between sister cells (94%), occasionally between cousin or niece cells (5%), and infrequently between the cells derived from a common ancestor cell three or four generations past (1%). This indicated that a few cells could divide before undergoing fusion while they were connected with sister or cousin cells by chromatin bridge. The repetition of incomplete division and fusion led to the formation of a multinucleate cell that died also by apoptosis. Small giant cells resulting from a fairly long delay in division often underwent multipolar division (D), most of which was tripolar in HeLa cells. 13) Fusion tended to occur between two of the three sisters. An extra replication of centrosome during prolonged delay seemed to cause multipolar division.
These cell abnormalities leading to death occurred more frequently in the progeny of nonsurvivors than of survivors during several postirradiation generations. The elimination of remaining lethal damage during the 1st to 4th divisions is required for the cells to survive. Since this process has been called lethal sectoring, the offspring with or without the reproductive integrity was defined as clonogen or lethal sector. Cell death or lethal sector was classified into three types based on the scheme shown in Fig. 1 
Pedigrees of surviving cells
The pedigrees of HeLa cells surviving a -(0.45 Gy) (A) and X-irradiation (3 Gy) (B) are shown in Fig. 2 as examples. At first glance, pedigree (B) is simple and pedigree (A) is complicated. In pedigree (B), lethal sectoring was completed by the postirradiation 1st division: two sister cells appeared, the one (open circles, stable clonogen) retaining the reproductive integrity with a low incidence of abnormal cells (two deaths and 60 normal divisions, 3.2% [2/62] ) in the progeny, and the other (asterisks*, type 3 lethal sector) whose descendants were dying after divisions. Both the clonogen and the lethal sector appeared coincidentally at the 1st division (generation 1), and this is a simple type of LS.
In the pedigree (A) LS did not take place, but the clonogen appeared at the 1st division. The process that was accompanied with the appearance of clonogen instead of lethal sector was defined as clonogenic sectoring. This clonogen divided further at the next division into stable (open circles) and unstable ones (open triangles) (incidence of abnormal cells > 20%; here 24% [5/21] ). As for the upper half of this pedigree, two successive lethal sectorings occurred at the 2nd and 3rd divisions. The first lethal sector (upper asterisks*, type 3) appeared at the 2nd division, but the 2nd lethal sector (lower asterisks*, type 1; here, mitotic . C: Incomplete division accompanied by sister cell fusion, which might be guided by an anaphase bridge or an intercellular chromatin bridge originated in the dicentrics, resulting in the formation of a binucleate cell. D: Multipolar division, presumably because of an abnormal replication of centrosome and usually accompanied by sister cell fusion. E: Cell-cycle arrest-dependent interphase death, characterized by giant cell formation with the accompanying fragmentation of the nucleus and of DNA. F: Death after normal (bipolar) division at least once (generally called reproductive death when the initial cell depicted by a bold line is located at an irradiated generation). A solid and broken arrow indicates either a direct or indirect (including other pathways) changes, respectively. E was predominantly induced by high-LET ionizing radiation ( a -particles, heavy-ions) at irradiated generation, whereas C was more frequent during postirradiation several generations after exposure to low-LET (X-or g -rays) than high-LET ionizing radiation when compared at the same survival. Type of cell death or lethal sector was defined as follows: type 1 as death without division (A, B, E); type 2 as death after abnormal division (C, D); and type 3 as death after normal division at least once (F). death) remained in one of the sisters (latent cell) and was separated from the 2nd stable clonogen (upper open circles) at the next division preceding the 3rd generation. Three clonogens and two lethal sectors appeared during the 1st-3rd divisions. An abnormal division occurred frequently in the descendants of type 3 lethal sector (upper asterisks*). Two tripolar divisions took place at the 5th generation.
The pattern of LS is illustrated in Fig. 3 . Survivors are divided into LS negative and positive subgroups depending on the absence and presence of LS in the pedigrees. No lethal damage is remaining in the former. The LS negative survivor by itself is clonogen (Fig. 3, A) . Here the survivor or its offspring harboring lethal latent damage yet retaining the reproductive integrity is defined as a latent cell. In this sense, the LS positive survivor is the latent cell. Four combinations of sister cells are expected after a division of the latent cell: (I) lethal sector and clonogen, (II) lethal sector and latent cell, (III) clonogen and latent cell, and (IV) two latent cells. (I) means the coincidental appearance of lethal sector and clonogen (complete lethal sectoring); (II), a partial elimination of lethal latent damage from latent cell (partial lethal sectoring); (III), the appearance of clonogen instead of lethal sector (clonogenic sectoring); (IV), the doubling of latent cell (no lethal or clonogenic sectoring). Consequently, many patterns of LS (Fig. 3 
Lethal sectoring
The total number of pedigrees available for survivor group was 31 and 23 for a -and X-irradiation, respectively. LS was found in 25 pedigrees (81% [25/31]) ( a -particle LS positive), but not in 6 pedigrees ( a -particle LS negative) for the former, and it was found in 15 pedigrees (65% [15/23] ) (X- ray LS positive), but not in 8 pedigrees (X-ray LS negative) for the latter. At first, 25 pedigrees of a -particle LS positive survivors were further divided into two groups (G 1 -early S, middle S-G 2 ), depending on cell stage at irradiation. However, no difference was recognized in the pattern analysis of LS between them. Therefore they were recombined as the data of a -particle LS positive survivors. All X-rays LS positive survivors belonged to the middle S-G 2 group, probably because of X-ray resistance of the cells of this cell stage. A comparison was made between these two survivor subgroups in Table 1 -3.
In Table 1 the pedigrees are classified into 6 classes (A-F) based on the patterns of LS, and the number of pedigrees belonging to each class is shown. Although a definite conclusion could not be drawn with the limited number of pedigrees available, the following was noted: (1) The case in which lethal sector and clonogen both appeared at the 1st division (A) (simple LS, such as shown in Fig. 2-B ) was relatively frequent for a -and X-irradiation (28%, 27%); (2) The case in which LS was completed during the 1st-2nd divisions (A, B, C) was more frequent for a -irradiation (68%); (3) The case in which the completion of LS was delayed until the 3rd or 4th division (D, E, F) was more frequent for X-irradiation . (66%).
The frequency of LS or CS (the probability of cell division in which one of the sisters is the lethal sector or the clonogen) during the postirradiation 1st-3rd divisions is shown in Table 2 . According to the patterns of lethal sectoring (Table 1) , the frequency of LS at the 1st division corresponds to the ratio of A+B+D to the total number of pedigrees. The frequency of LS was similar to that of CS for airradiation: it was high at the 1st and 2nd divisions, but decreased at the 3rd division. However, CS took place more 
Total number of pedigrees 25 15 , Irradiation; * , Lethal sector; ,Clonogen; ,The cell unable to eliminate lethal sectors until postirradiation 2nd or 3rd generation. frequently than LS for X-irradiation: the mean frequency at the 1st-3rd divisions of the former (41% [33/81]) was significantly higher ( p < 0.05 by c 2 -test) than that of the latter (25% [20/81] ) (the predominance of CS).
All the cellular events occurring during colony formation were recorded in the pedigree. The mean number of clonogens and lethal sectors per pedigree is shown in Table 3 . Clonogens and lethal sectors were divided into two (stable, unstable) and three (type 1-3) types, respectively (see Fig.  1 ). The number of lethal sectors was about 1.5 for a -particle and X-ray survivors, and the number of each type of lethal sectors was also similar for both. Type 3 lethal sector (death after normal division at least once) appeared more frequently (64-67%) than types 1 (death without division, 21-22%) and 2 (death after abnormal division, 13-14%) lethal sectors. The number of clonogens was larger for X-ray (2.3) than a -particle survivors (1.7). The difference was due to a higher incidence of stable clonogen in X-ray (1.9) than aparticle survivors (1.1). This is consistent with Table 2 , indicating the predominance of CS in the former.
Genomic instability
The higher incidence of unstable clonogens in a -particle (35%) than X-ray survivors (17%) ( Table 3) suggests a greater potentiality of genomic instability in the former. To confirm this, the incidence of delayed cell death in the clonogenic progeny was examined separately for LS positive and negative survivors (Table 4) . A comparison between LS . These results clearly show that GI was induced in LS positive but not in negative survivors by X-rays, whereas GI was induced in LS positive and in negative survivors by aparticles, suggesting an intrinsic difference in the mechanisms of GI induction between these two radiations.
A shortening of cell-cycle time and delayed division delay
In Table 5 , a change of cell-cycle time during 4 successive generations (preirradiation, irradiated, and postirradiation 1st and 2nd generations) is shown separately for a-particle or X-ray survivors and nonsurvivors. The survivors were further divided into LS positive and negative subgroups (see Fig. 3 ). The change is indicated in the table as the increase (delay; +value ) or the decrease (shortening; -value) from the mean cell-cycle time of the preirradiation control cells. The division delay at irradiated generation (generation 0) was significantly shorter (p < 0.01 by t-test) in LS negative survivors (~5 h) than in nonsurvivors (~9 h) for the a-particle group, whereas no significant difference in the delay was found between survivors and nonsurvivors for the X-ray group. A prolonged cell-cycle time caused by division delay restored to the preirradiation control level at the postirradiation 1st generation. The pedigrees showed that cells with short cell-cycle time ( < = 15 h), which had been found infrequently (4-5%) even in unirradiated cell population, appeared in great number at this generation, especially in regard to X-ray survivor groups. The high incidence of these cells in the X-ray LS negative survivor group (~70%) lowered the mean value (14.7 h), which was significantly shorter (p < 0.01 by t-test) than that of the preirradiation control group (19.4 h). Some cells (~10%) with short (15-16 h) as well as long (> 25 h) cell-cycle time relative to that of unirradiated control cells were observed with nonsurvivor groups during this period.
A novel phenomenon "delayed division delay (DDD)" was recognized with the progeny during the postirradiation 1st to 3rd generations. Simplified pedigrees illustrating the occurrence of DDD and lethal sectoring are shown in Fig.  4 . Cells irradiated with a-particles (0.45 Gy) (Fig. 4-A, B) or X-rays (3 Gy) (Fig. 4-C, D) showed a remarkable division delay at irradiated generation (generation 0). The increase in Table  5 . The cell-cycle time at the 1st generation recovered to a normal level in Fig. 4-A, B and D, but it did not recover in one of the sister cells born at the 1st division as shown in Fig. 4-C (29 with star marks) . DDD also occurred at the 2nd generation (Fig. 4-A, D) and the 3rd generation (Fig. 4-B) . It is interesting to note that DDD was found with the latent cells just prior to LS (Fig. 4-A (Fig. 4-A [32 with star marks] ) or the completion of LS (Fig. 4-B [33 with star marks] ).
In Table 6 , a prolonged cell-cycle time caused by DDD (cell-cycle time at generation 0 is indicated within parentheses) is shown for the individual cases. The mean DDD was much longer in a-(10.8 h) than in X-irradiated cells (4.0 h). The mean frequency of DDD was ~30% per pedigree and 10% per clonogen or latent cell for both radiations when a detectable minor cell-cycle change (1-3 h) was taken into account for its identification. It seemed that DDD was found with clonogen (~15% [6/40] ) more predominantly than with latent cell (~7% [2/28] ) for a-irradiation and that the converse was the case for X-irradiation.
DISCUSSION
The X-ray survival curve of HeLa S3-9IV cells has an initial shoulder (Dq=1.25 Gy) followed by an exponential part with a D0 of 1.1 Gy, whereas the a-particle curve is completely exponential with a D0 of 0.25 Gy.
5) The RBE value for cell killing calculated from the ratio of D 0 values is high (4.4) . Because the RBE 6.2 was obtained with mouse C3H 10T1/2 fibroblasts exposed to a-particles from 238 Pu (LET, 124 keV/mm) 14) and because human cells were two or three times more sensitive to a-irradiation than rodent cells, 15) the RBE 4.4 is not particularly high. The dose (0.45 Gy) of a particles delivered to the cells corresponds to 4.2 hits to the cell nucleus. A fraction of the cells whose nucleus was not traversed by a-particles was estimated to be about 1.5%. In the present study, a comparison was made between the data for a-particles and X-rays at the same survival dose. For an example, the mean incidence of delayed cell death was about two fold higher for a-than X-irradiation (Table 4) . The RBE of a-particles for the induction of delayed cell death was estimated to be 9-14, when the RBE for cell killing (4.4) or the ratio of exposed dose (X-rays [3 Gy]/a-particles [0.45 Gy]: 6.7) was taken into consideration.
The previous study with time-lapse observations of mainly nonsurviving HeLa cells showed that cellular damage by a-particles was manifested in the form of cessation of divi- sion, rather than an incomplete division that was predominant for X-irradiation. 5) Furthermore, an increased number of interrupted divisions leading to death following split doses correlated with the lack of production of repairable damage from the a-particles. Cell-cycle dependence of cell killing with a-particles was similar to that found with X-rays because high sensitivity was noted at or close to mitosis, and a resistant peak remained at late S, but not in early G1. The pattern of division delay at gen. 0 was similar for a-particles and X-rays during G2-M, but it differed during G1-S. During G1-S, the division delay increased with cell age for a-particles, whereas it showed a broad peak at G 1/S boundary and a trough at late S for X-rays. The trough at late S was enhanced in the split dose of X-rays, indicating a greater recovery from division delay in the late S cells. However, this recovery was not found at any stages of the cell-cycle for a-particles. Thus substantial differences in the features of cellular damage were noticed for both radiations. The present pedigree analysis mainly for survivors further revealed LET-dependent characteristic features of cellular responses.
According to Kiefer, 16) lethal sectoring might occur in the progeny of the cells that could survive irradiation by the postreplication recombination or translesion DNA synthesis bypassing "lethal latent damage." LS was noticed with most pedigrees of the cells surviving a-(81%) or X-irradiation (65%) (the 1st paragraph in text of the subsection of Lethal Sectoring), indicating its important role in eliminating lethal latent damage remaining in the cells and producing clonogenic progenitors (clonogens). Evidence that most LS was completed by the postirradiation 1st-2nd divisions for airradiation (68%), but that it persisted until the 3rd-4th divisions for X-irradiation (66%) indicates an earlier manifestation of lethal latent damage, which was induced by a-particles relative to X-rays, in the form of cell abnormality and death (Table 1 and the 2nd paragraph in text of the subsection of Lethal Sectoring). The frequency of CS at the 1st-3rd divisions was similar to that of LS for a-irradiation, but the former was higher than the latter for X-irradiation (Table  2 ) (the predominance of CS ; see Fig. 3-F) . The higher frequency of CS led to the larger number of stable clonogens per pedigree in X-ray than a-particle survivors ( Table 3) . The appearance of a lethal sector at early postirradiation divisions, which was noticed especially with a-irradiation, remarkably reduces colony-size, as shown in Fig. 3 . These facts imply that the colony-size of the X-ray survivors is larger than that of the a-particle survivors, being consistent with the report of Walker et al. that heavy ions caused a dose-and LET-dependent reduction in colony-size.
17)
The features of a-particle and X-ray-induced cell-cycle change were revealed by the pedigree analysis ( Table 5 ). The fact that the delay was more pronounced in nonsurvivors than in survivors for a-irradiation but similar in both for Xirradiation indicates the difference in the distribution of initial physical as well as cell damage within a-and X-irradiated cells: non-random (overdispersed) and random distribution in the former and the latter, respectively. This is not incompatible with the finding that the distribution of isochromatid breaks after exposure to high-LET iron particles was overdispersed compared to g-rays.
18) On the other hand, a significant shortening of cell-cycle time (4.7 h) at the postirradiation 1st generation found with X-ray LS negative survivors suggested that some cellular components synthesized in an extra amount during division delay at irradiated generation might enhance cell-cycle progression at a subsequent generation (gen. 1) to the greatest extent, in regard to the cells harboring no lethal or nonlethal latent damage which would have a reverse influence on cell-cycle progression. Little effect of cell-cycle shortening on a-particle survivors indicates severe damage remaining in the cells. The author previously noticed a similar phenomenon with Xirradiated FM3A cells grown in soft-agar medium, where the inhibition of cell proliferation because of cell-to-cell contact was minimized. 19) Because a pronounced DDD tended to occur in the progeny of the cells that suffered remarkable division delay at gen. 0 (Table 6) , it is obvious that the remaining damage caused DDD. The evidence that a prolonged cell-cycle time (degree of DDD) decreased to gen. 2, from gen. 1 and that no DDD was found at gen. 3 suggests "removable" damage (lethal latent damage that can be eliminated through lethal sectoring) involved in the induction of DDD by X-rays, whereas a persistence of pronounced DDD until gen. 3 indicates "irremovable" damage remaining in the progeny of aparticle survivors. The latter tendency coincides with the increase in DDD frequency per clonogen or latent cell (see Foot Note of Table 6 ) after a-irradiation to gen. 2-3 (16-20%), from gen.1 (~6%). Furthermore DDD was found predominantly with the latent cell for X-irradiation but with the clonogen in regard to a-irradiation, demonstrating the close association of a-particle-induced DDD with nonlethal latent damage and hence with genomic instability. Indeed, detailed examination of the pedigree data in Table 6 indicated that DDD might be caused by genomic instability, because LETdependent qualitative difference similar to that found with delayed cell death (Table 4 ) was likely to be confirmed with DDD: the frequency in LS negative survivors (~50% [3/6] ) was comparable to that in LS positive ones (~30% [8/25] ) for a-particles, whereas the former (~10% [1/8] ) seemed to be much lower than the latter (~40% [6/15] ) in regard to Xrays. In the present study, DDD could not be identified in the progeny later than the 3rd generation after a-irradiation because of limited observation period (~150 h), and so possibly a-particle-induced DDD can happen at later generations. On the other hand, a similar DDD has been reported with mouse L cells exposed to UV. 20) Although the greater potentiality of genomic instability (GI) was recognized after exposure to a-particles compared to X-rays, the intrinsic difference was also found between these two radiations. GI could be induced by a-particles in LS positive and in negative survivors; however, it was inducible in LS positive, but not in negative survivors in the case of X-rays (Table 4 ). This fact suggests the different mechanisms involved in the induction of GI by these two radiations. The author proposes the unrepaired PLD (including sublethal damage) 21, 22) -mediated mechanism for X-rays and the misrepaired CD 23, 24) -mediated one for a-particles. In  Fig. 5 , the presumptive pathways from primary radiation damage (CD, PLD) to the induction of LS and GI are shown. Here it is postulated that a fixation of remaining unrepaired PLD by a higher-order conformational change of DNA/chromatin fibers during the cell-cycle (e.g., chromosome condensation 25) during the postirradiation 1st mitosis) gives rise to both lethal and nonlethal latent damage and that the latter damage is responsible for GI induction after X-irradiation (LS positive [GI+] ). However, minor contributions of misrepaired PLD to the production of these damage can not be denied. When PLD is completely repaired, the lethal and nonlethal latent damage are not formed; there is no induction of genomic instability in X-ray LS negative survivors (LS negative [GI-]). On the other hand, lethal and nonlethal latent damage will both be produced at generation 0 (irradiated generation), mainly by misrepair and partly by unrepair of CD after a-particle exposure (LS positive [GI+] ). On the assumption that nonlethal latent damage is induced more predominantly than lethal latent damage by a-particles and a single hit of a-particle to cell nucleus is sufficient to induce nonlethal latent damage, nonlethal latent damage can be produced in the cells harboring no lethal latent damage (LS negative [GI+] ). Thus genomic instability is inducible in LS positive and negative survivors for a-particles, whereas it is inducible in LS positive but not negative survivors for X-rays. This explanation agrees well with the finding of Roy et al. that delayed cell death was suppressed by the delayed plating (enhancement of PLD recovery) of X-irradiated human embryo cells. 26) It is also supported by the finding of Walker et al. that the cross section for the effect of an LETdependent reduction of colony-size was 100-300 mm 2 . This was at least as large as the cell nuclear area and up to 3 times as large as the cross section for cell killing. 17) A higher potentiality of high-LET radiation-induced GI will be one of the causes for a heavy-ion induced reduction of colony-size.
The first report of Kadhim et al. 27) on an a-particleinduced delayed chromosome instability in human hemopoietic stem cells was confirmed by other investigators.
28) The induction of delayed chromosome instability has been also recognized with low LET ionizing radiation. 26, 29) From the observations that the dicentrics most frequently found in the progeny of X-ray survivors were not accompanied by fragments, it was proposed that an accelerated loss of telomeric function by radiation and the subsequent telomere association was one of the chief mechanisms for the delayed chromosome aberrations. 26) The dicentrics cause an incomplete cell division in which sister cells are connected by chromatin bridge and fuse each other into a binucleate cell with no reproductive integrity. 12) An incomplete division occurred frequently in the descendants of X-irradiated cells during several postirradiation generations 10, 11) and its frequency was reduced markedly by splitting X-ray dose. 5, 11) Therefore the dicentrics will be the type of chromosome aberration that is characteristic for low LET ionizing radiation.
The frequency of incomplete division in a-irradiated HeLa cells was much lower (1/5-1/3) than that in X-irradiated ones when compared at the same survival (1-10%). Abnormal cells preferentially induced by a-irradiation were the ones arrested for a long time (>50 h) before mitosis. They died without dividing (cell-cycle arrest-dependent interphase death; ~30% after 1.2 Gy [1% survival dose of aparticles]). 5) Experiments with CHO-K1 cells exposed to accelerated charged particles of different LETs elucidated the LET/RBE relation for the induction of interphase cell death (the maximum RBE, ~3 at LETª230 keV/mm) 9) . The dose response for the induction of interphase death was linear with no threshold for Ne-ions (LET, ~230 keV/mm), but with a threshold of 10 Gy for X-rays. Traversals of high LET-charged particles through the higher-order structure of chromatin fibers may result in the clustering of damage on the chromosome 30) and the formation of CD 23, 24) which is difficult to repair correctly. In the presence of unrejoined chromosome breaks, 31, 32) cells will be arrested at the checkpoints and undergo apoptosis. 9) The present study demonstrated that "nonlethal latent damage", which was refractory to eliminate through lethal sectoring and responsible for the induction of genomic instability, was engendered in the cells and persisting in their clonogenic progeny (clonogen) more predominantly after exposure to a-particles than X-rays. Besides, the following evidences indicate that high-LET radiation is more efficient in producing complex-type chromosome damage, which demands multiple break points in the chromosome, than sparsely ionizing radiation: (1) A single hit of an a-particle to a cell was sufficient to produce complex chromosome exchange aberrations. 33) (2) The deletion pattern analysis of an a-particle 34) and a C-ion-induced mutation 35) revealed the appearance of non-contiguous (jumping) complex deletions that had scarcely been found with X-rays. Both delayed cell death and DDD will be induced by delayed chromosome instability. It can not be ruled out as one of the possibilities that DDD might be triggered by delayed chromosome breakage, since DNA double-strand breaks (DSB) may create nonlethal potentially unstable chromosome regions (PUCR) at the break-rejoining sites through DNA DSB repair/misrepair, as suggested by Suzuki. 36) Alpha-particles are assumed to generate clustered PUCR, causing a persistent and pronounced DDD. These taken together suggest the importance of misrepaired CD in the induction of genomic instability by densely ionizing radiation.
In conclusion, though almost four decades have passed since the finding of lethal sectoring in irradiated yeast, this phenomenon seems to be unfamiliar even among radiobiologists. The present pedigree analysis of surviving HeLa cells, based on the concept of lethal sectoring, could disclose LET-dependent qualitative differences in the features of lethal sectoring, genomic instability, and delayed division delay in the progeny after exposure to a-particles compared to X-rays. These differences could be attributed to characteristic cellular responses against CD (misrepair) and PLD (repair or unrepair), which were predominantly induced by a-particles and X-rays, respectively. The concept of lethal sectoring should be taken into account in the future studies relating to radiation-induced genomic instability.
